Yellow, orange, and red coloration is a fundamental aspect of avian diversity and serves as an important signal in mate choice and aggressive interactions. This coloration is often produced through the deposition of diet-derived carotenoid pigments, yet the mechanisms of carotenoid uptake and transport are not wellunderstood. The white recessive breed of the common canary (Serinus canaria), which carries an autosomal recessive mutation that renders its plumage pure white, provides a unique opportunity to investigate mechanisms of carotenoid coloration. We carried out detailed genomic and biochemical analyses comparing the white recessive with yellow and red breeds of canaries. Biochemical analysis revealed that carotenoids are absent or at very low concentrations in feathers and several tissues of white recessive canaries, consistent with a genetic defect in carotenoid uptake. Using a combination of genetic mapping approaches, we show that the white recessive allele is due to a splice donor site mutation in the scavenger receptor B1 (SCARB1; also known as SR-B1) gene. This mutation results in abnormal splicing, with the most abundant transcript lacking exon 4. Through functional assays, we further demonstrate that wild-type SCARB1 promotes cellular uptake of carotenoids but that this function is lost in the predominant mutant isoform in white recessive canaries. Our results indicate that SCARB1 is an essential mediator of the expression of carotenoid-based coloration in birds, and suggest a potential link between visual displays and lipid metabolism.
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coloration | carotenoids | lipid metabolism | Serinus canaria T he yellow, orange, and red coloration of the feathers, skin, and beaks of birds is most commonly produced through the deposition of carotenoid pigments (1). Carotenoid coloration of birds has been a focus of study in the fields of behavior, evolution, and physiology because it plays a key role in mate assessment in many species. In addition, it is frequently an indicator of individual quality, and can signal species identity (2) (3) (4) . Birds cannot synthesize carotenoids de novo and must acquire them through their diet (1), potentially linking coloration to the acquisition of pigments from the environment (3). Thus, key hypotheses related to honest signaling and sexual selection have been shaped by and are currently being tested in carotenoidornament systems (5, 6) . Ultimately, the information content and evolutionary trajectories of carotenoid ornaments are a function of the physiological mechanisms underlying color expression, yet our understanding of these mechanisms is limited.
The expression of carotenoid coloration in birds involves four distinct physiological steps: uptake in the gut, transport in circulatory and lymphatic systems, metabolism either at the site of deposition or in the liver, and deposition in the integument (7) . Recent progress has been made in understanding how carotenoids are metabolized to novel forms. In 2016, two studies independently identified a key carotenoid metabolism enzyme, CYP2J19, that mediates the oxidation of yellow carotenoids into red ketocarotenoids and is used by many bird species to produce red feathers and bare parts (8, 9) . In other studies, expression of the carotenoid-cleaving enzyme β-carotene-9′,10′-dioxygenase (BCO2) was found to be associated with loss of yellow leg coloration in chickens (10) , and sequence variation around this same gene was associated with yellow versus white breast plumage in two sister species of wood warblers (4) . The discoveries of the roles that CYP2J19 and BCO2 play in the carotenoid pigmentation of birds provide important insights into the metabolic mechanisms that underlie carotenoid coloration.
Progress has also been made in understanding the mechanism whereby carotenoids are transported via the blood to target tissues. It has long been known that birds transport carotenoids in the circulatory and lymphatic systems via lipoproteins (11, 12) , and recent experimental evidence confirms a key role for lipoproteins in carotenoid transport in birds. For example, the Wisconsin hypoalpha mutant chicken has a mutation in the ABCA1 transporter, which results in markedly reduced levels of circulating high-density lipoprotein (HDL) and a consequent reduction in the level of carotenoids in the blood and peripheral tissues (13, 14) . Despite these insights, many aspects of carotenoid transport and delivery remain to be discovered. Domesticated canaries (Serinus canaria) provide an ideal system in which to explore the mechanisms of avian carotenoid physiology because these birds have been selectively crossed for
Significance
The yellow, orange, and red colors of birds are produced through the deposition of carotenoid pigments into feathers and skin, and often function as signals in aggressive interactions and mate choice. These colors are hypothesized to communicate information about individual quality because their expression is linked to vital cellular processes through the mechanisms of carotenoid metabolism. To elucidate these mechanisms, we carried out genomic and biochemical analyses of the white recessive canary breed, which carries a heritable defect in carotenoid uptake. We identified a mutation in the SCARB1 gene in this breed that disrupts carotenoid transport function. Our study implicates SCARB1 as a key mediator of carotenoid-based coloration and suggests a link between carotenoid coloration and lipid metabolism.
centuries to produce breeds with fixed expression of distinct carotenoid-based plumage color phenotypes (15, 16) . Wild canaries and typical domesticated varieties pigment their feathers with yellow carotenoids (Fig. 1A) (17, 18) . The white recessive canary has entirely white plumage (Fig. 1B) as well as congenital vitamin A deficiency that is inherited as an autosomal recessive trait (19, 20) . It is hypothesized that the white recessive phenotype is the result of a mutation affecting carotenoid uptake (19, 20) , but the specific gene(s) involved remains unknown. Thus, the white recessive canary presents an opportunity to discover mechanisms of carotenoid uptake that are necessary for carotenoid coloration in birds.
Results
Carotenoids Are Absent or at Very Low Concentrations in the Tissues of White Recessive Canaries. The white recessive canary is characterized by completely white plumage that appears to lack the yellow carotenoid pigmentation typical of wild-type canaries ( Fig. 1 A and B) . To better understand the carotenoid physiology of the white recessive canary breed, we used high-performance liquid chromatography (HPLC) to identify and quantify carotenoids in the feathers, skin, liver, and retina, tissues that are important sites of carotenoid accumulation in birds (1, 7, 21) (Fig.  1C ). Carotenoids were not detectable in the feathers of white recessive canaries. In contrast, feathers collected from the same tracts of typical yellow canaries contained a high concentration of carotenoids (mean ± SE; 128.89 ± 37.78 μg·g −1 feather mass; Fig.  1C ), primarily canary xanthophylls (SI Appendix, Fig. S1A and Table S1 ). We did not detect carotenoids in the skin of three white recessive canaries, and only trace amounts in the skin of a fourth individual (1.08 μg·g −1 protein; Fig. 1C ). Skin from comparable regions of typical yellow canaries contained >100-fold higher carotenoid concentrations (146.85 ± 66.84 μg·g −1 protein), primarily lutein (SI Appendix, Fig. S1B and Table S1 ). The livers of both white recessive and typical yellow canaries contained low, but detectable, levels of carotenoids, with lutein being the dominant type. However, concentrations were significantly lower in the white recessives (white recessive: 1.97 ± 0.66 μg·g −1 protein; wild-type: 13.39 ± 1.70 μg·g −1 protein; t = −6.26, df = 3.89, P = 0.0036; Fig. 1C and SI Appendix, Table S1 ). Carotenoids were not detectable in the retinas of white recessive canaries but were present at very high concentrations in the retinas of typical yellow birds (622.57 ± 131.73 μg·g −1 protein; Fig. 1C and SI Appendix, Table S1 ). Together, these results indicate that the levels of carotenoids are greatly reduced across multiple tissues in white recessive canaries.
Identification of the Genomic Region Associated with White Recessive
Coloration. The white recessive breed was created through fixation of a spontaneous mutation by artificial selection (19, 22, 23) . In crosses with typical yellow canaries, this white phenotype is transmitted in a manner consistent with the existence of a single recessive allele. It is thus expected that the genomic region underlying white feather coloration will show elevated differentiation in allele frequency between white and colored canaries compared with the remainder of the genome. To search for such regions in the white recessive genome, we used whole-genome sequencing data of pooled DNA samples (detailed in SI Appendix, Table S2 ). We compared white recessive canaries with other domestic breeds and one wild population, all characterized by yellow or red coloration. Because the white recessive phenotype is explained by an autosomal mutation (23), we restricted our analysis to the autosomal chromosomes.
We summarized allele frequency differentiation across the genome using the fixation index (F ST ) and a sliding window approach ( Fig. 2A) . Average levels of genetic differentiation between white recessive canaries and the remaining populations were moderate (F ST ∼ 0.15). This level of genetic differentiation is conducive to identifying regions of unusually high genetic differentiation, consistent with directional selection. One region clearly stood out that contains the top nine values of the empirical distribution of F ST , providing a strong candidate for the sequence harboring the white recessive gene. We extended the boundaries of this region by merging all windows having F ST estimates above the 95th percentile of the empirical distribution (F ST ≥ 0.23), if not separated by more than five windows below this threshold. The resulting region spanned ∼1.4 Mb on scaffold NW_007931140 (11, 350 ,000 to 12,790,000 bp), which is homologous to zebra finch chromosome 15 (∼970,000 to 2,620,000 bp).
Patterns of molecular variation do not provide direct information about the underlying phenotypes. To confirm the association between our candidate region and the white recessive phenotype, we generated a backcross mapping population segregating for white and yellow coloration. Briefly, F1 individuals derived from a cross between white recessive and yellow parental individuals were backcrossed to white recessive individuals (Materials and Methods). We found a perfect association between our candidate region and white coloration: All 24 yellow backcrossed birds were heterozygous for a SNP diagnostic between parental individuals, and all 14 white birds were homozygous. Overall, the combination of selective sweep mapping and linkage analysis allows us to conclude that our candidate region contains the gene that explains white recessive coloration in canaries.
Fine Mapping Within the Candidate Region. To achieve better resolution at the causative locus, we used identical-by-descent (IBD) mapping (Fig. 2B) . The assumption behind this approach is that the white recessive mutation appeared once and, therefore, the causal mutation should be located within the minimum shared haplotype present in white recessive individuals. Variants were selected from the whole-genome resequencing data, and chosen randomly with respect to allele frequency differences between white recessive and other breeds. We genotyped these variants in a larger cohort of birds, including white recessive individuals (n = 24) as well as individuals belonging to several breeds with red or yellow coloration (n = 61). Compared with other breeds, white recessive canaries were nearly all homozygous for a segment defined by multiple consecutive variants-with the exception of a single polymorphic position in a single individual that might be Next, we genotyped the splice variant in the cohort of samples used for the IBD analysis. Consistent with an autosomal recessive mode of inheritance, we found that all white recessive individuals were homozygous for the splice mutation ("G"), whereas all yellow and red individuals across several breeds were either homozygous (n = 60) or heterozygous (n = 1) for the wild-type allele ("T"). This mutation occurs in a genomic position that shows universal evolutionary conservation in whole-genome alignments across a wide diversity of bird species (SI Appendix, Fig. S2 ). These results suggest that the splicesite mutation detected in SCARB1 is likely to cause the white recessive phenotype.
The Splice Mutation Leads to the Production of Alternative Isoforms of SCARB1. Between exons 3 and 5 of SCARB1, there are several potential splice donor sites that may be used as alternatives to the exon 4 splice donor mutated in white recessive canaries (Fig.  3A) . To evaluate the use of these alternative splice donors, we reverse-transcribed RNA extracted from skin samples of adult white recessive and yellow canaries and PCR-amplified SCARB1 transcript across these sites (fragment primers, Fig. 3A ). We then used capillary electrophoresis fragment analysis and Sanger sequencing to characterize the amplicons and found that white recessive canaries lack wild-type SCARB1 but express three different splice isoforms (Fig. 3B and SI Appendix, Fig. S3 ). Isoform 2 is spliced at NW_007931140 (12,074,986 to 12,074,987 bp), includes 15 bp of the intron, and maintains the reading frame but adds 5 amino acids between exon 4 and 5 ( Fig. 3A and SI Appendix, Fig. S3 ). Isoform 3 is spliced at NW_007931140 (12,075,092 to 12,075,093 bp) within exon 4 and maintains the reading frame but omits 35 amino acids encoded by exon 4 ( Fig. 3A and SI Appendix, Fig. S3 ). In isoform 4, exons 3 and 5 are spliced at their canonical donor and acceptor sites, which maintains the reading frame of the transcript but entirely skips exon 4, omitting 68 amino acids from the protein (Fig. 3A and SI Appendix, Fig. S3 ). Next, we used quantitative PCR (qPCR) to measure the overall expression of SCARB1 and the relative expression of each splice isoform in the duodenum, liver, eye, and skin of white recessive and yellow canaries. First, we targeted a portion of the transcript common to all of the isoforms (exons 7/8) and measured expression relative to a housekeeping gene, GAPDH. Overall expression of SCARB1 differed significantly among tissue types, with the highest levels of expression in the skin (F 3,24 = 70.5, P = 4.8 × 10 −12 ; SI Appendix, Fig. S4 ). There was a significant interaction between breed and tissue type (F 3,24 = 8.2, P = 0.0006; SI Appendix, Fig. S4 duodenum compared with wild-type canaries (Tukey's post hoc test, P = 0.022; SI Appendix, Fig. S4 ). However, expression in the other tissue types did not differ significantly between the breeds (Tukey's post hoc test, P ≥ 0.083; SI Appendix, Fig. S4 ). Next, we designed primers that spanned the unique splice junctions of each SCARB1 isoform (Fig. 3A) and measured the expression of each isoform relative to exon 7/8. In yellow canaries, we found that the wild-type isoform of SCARB1 constituted between 97.1 and 100% of all transcripts derived from this gene (Fig. 3C ). In contrast, in the tissues of the white recessive canaries, the wild-type isoform made up less than 9.3% of all SCARB1 transcripts (Fig. 3C ). Isoform 4 (50.3 to 93.1% of all transcripts) was most abundant in the white recessive tissues, and the remainder consisted of varying levels of the two other alternative transcripts (Fig. 3C ). Taken together, these results indicate that the candidate splice-site mutation results in the production of alternative isoforms of SCARB1, and that the predominant transcripts in white recessive birds exclude a large portion or the entirety of exon 4.
Absence of Exon 4 Results in a Nonfunctional Form of SCARB1. Isoform 4 of SCARB1, the most abundant transcript isoform in the white recessive canary, is predicted to lack 68 amino acids, a deficiency that is likely to have a strong impact on SCARB1 protein function. To explore the effects of this deficiency, we aligned the amino acid sequence of canary SCARB1 to the SCARB1 proteins from representatives of four different vertebrate classes and found that 15 of the amino acids encoded by exon 4 are identical across this broad phylogenetic sample (SI Appendix, Fig. S5A ). Next, we generated a structural model of SCARB1 using a recently published crystal structure of a related receptor, human CD36 (29) (SI Appendix, Fig. S5B ). Members of the CD36 superfamily of scavenger receptors (including SCARB1 and CD36) are integral membrane proteins that contain a large hydrophobic tunnel that extends through the length of the central vertical axis of the protein (SI Appendix, Fig. S2B ). This tunnel is hypothesized to form a conduit for the passage of lipophilic molecules into cells (30). In human SCARB1, this tunnel is surrounded by extracellular subdomains that bind specific lipid carrier proteins and mediate selective uptake (31-34). In the canary, portions of SCARB1 encoded by exon 4 are homologous to the ligand-binding domain identified in other members of the CD36 family (SI Appendix, Fig. S5C ). Thus, the exclusion of exon 4 from SCARB1 in white recessive canaries has the potential to disrupt essential ligand binding and impair transport function.
To directly test the functional consequences of the exclusion of exon 4, we compared the activity of the wild-type isoform of SCARB1 with that of isoform 4. We cloned the isoforms of SCARB1 into a eukaryotic expression vector that coexpresses green fluorescent protein (GFP), transfected these constructs into an avian fibroblast cell line, and confirmed transfection by monitoring GFP expression. We then delivered carotenoids to these cells in two different ways. In the first experiment, to ensure that the carotenoids were presented to the cells by the appropriate lipoprotein carriers (11, 12) , we supplemented the cells with 20% whole-chicken serum, which is rich in lipoproteins containing carotenoids (lutein: 2.65 μg·mL −1 serum; zeaxanthin: 1.40 μg·mL −1 serum). In the second experiment, we followed a previously established protocol (26) to solubilize purified zeaxanthin in cell media with a low-concentration detergent (Tween 40). We incubated the cells with these carotenoid substrates overnight, harvested the cells, and measured carotenoid uptake by HPLC. In both experiments, the expression of wild-type SCARB1 significantly enhanced the uptake of carotenoids into the cells compared with controls (experiment 1: F 2,9 = 51.83, P = 1.2 × 10 −5 , Tukey's post hoc, P = 1.8 × 10 −4 ; experiment 2: F 2,5 = 24.69, P = 0.0026, Tukey's post hoc, P = 0.0056; Fig. 4 ). In contrast, the expression of isoform 4 of SCARB1 resulted in a small but significant reduction in the uptake of carotenoids relative to the controls (experiment 1: Tukey's post hoc, P = 1.0 × 10 −5 ; experiment 2: Tukey's post hoc, P = 0.0035; Fig. 4 ). These results support the hypothesis that the predominant form of SCARB1 expressed in white recessive canaries is nonfunctional with respect to carotenoid transport.
Discussion
Through genomic and biochemical analyses of the white recessive canary breed, we identified a single-nucleotide substitution that results in the near-total absence of carotenoidbased plumage coloration. This mutation is in a splice donor site of the gene encoding the integral membrane protein SCARB1 and results in the production of alternative transcript isoforms. Our in vitro analyses indicate that, whereas wild-type SCARB1 facilitates the cellular uptake of carotenoids, the most abundant isoform in the white recessive canary (isoform 4) has lost this function. These findings implicate SCARB1 as an important To investigate these alternatives, we designed primers (fragment) to amplify across this region, yielding different amplicon sizes from each isoform (B). To quantify the abundance of each alternative isoform (C), we designed qPCR primers spanning each potential splice junction (dashed lines). (B) Capillary electrophoresis fragment analyses of amplicons across the exon 4 splice junctions, generated from skin cDNA of white recessive or yellow canaries, indicate that three alternative SCARB1 transcript isoforms are present in the skin of the white recessive canary. This multitemplate amplification is biased toward short amplicons, and therefore the intensity of the peaks does not necessarily reflect transcript abundance. a.u., arbitrary units. (C) The mean ± SD of relative expression of SCARB1 transcript isoforms in the duodenum, liver, eye, and skin of yellow (n = 4; yellow bars) and white recessive (n = 4; white bars) canaries. For each sample, expression was measured by qPCR and calculated relative to a transcript region 3′ of the splice sites (exon 7/8) and then normalized to the sum of the four isoforms. The asterisk indicates a significant difference between yellow and white recessive (P ≤ 0.045).
mediator of carotenoid uptake in birds and suggest a link between carotenoid-based coloration and lipid metabolism.
Our observations add to a growing body of evidence implicating scavenger receptors as key mediators of carotenoid uptake across a diversity of animals. SCARB1 was first characterized in humans as a high-density lipoprotein receptor that mediates the selective uptake of cholesterol, and was subsequently demonstrated to have a role in the cellular uptake of a variety of lipids, including phospholipids, products of triglycerol hydrolysis, and the lipophilic vitamins A and D (28, 35, 36). SCARB1 homologs have now been implicated as mediators of carotenoid uptake in fruit flies (Drosophila melanogaster), silkworms (Bombyx mori), salmon (Salmo salar), mice, and humans (24, 26, (37) (38) (39) (40) (41) . These findings suggest that SCARB1 is an ancient and conserved mechanism of carotenoid uptake in animals.
Although the white recessive mutation in SCARB1 has a profound impact on plumage coloration and the accumulation of carotenoids in feathers, this mutation does not completely abrogate carotenoid uptake in all tissues. We observed very low concentrations of carotenoids in the liver and skin of some white recessive canaries, suggesting that the white recessive mutation may not completely eliminate the function of SCARB1. It is possible that other isoforms (i.e., isoform 2 or 3) maintain some carotenoid transport function. This would not be surprising, because isoform 2 retains the entire coding sequence of SCARB1 with a small inframe addition of five amino acids to the mature protein. Another possibility is that there exist SCARB1-independent mechanisms of carotenoid uptake in birds. In silkworms and humans, other members of the CD36 family have been identified as mediators of carotenoid uptake, and passive diffusion is a possible mechanism of uptake when carotenoids are present at high concentrations (37, 40, 42, 43). These considerations notwithstanding, the dramatic phenotype of the white recessive canary indicates that SCARB1 plays a central role in carotenoid uptake in birds.
The confirmation of SCARB1 as an essential mediator of carotenoid uptake in birds presents new avenues of investigation into the proximate basis of carotenoid-based color expression and the information content of these color ornaments. In mammals, SCARB1 expression and carotenoid uptake are regulated by retinoid (vitamin A) status via the transcription factor ISX (44-46). Such a mechanism is consistent with the vitamin A-redox hypothesis, which proposes that carotenoid coloration reveals information through interdependencies in the uptake, transport, and metabolism of vitamin A and carotenoids (7) . SCARB1 may also play a central role in avian reproduction. In birds, oogenesis involves the massive mobilization of cholesterol and other lipids, including carotenoids, from the body into the egg, and these lipid resources are essential for the growth and development of the embryo (47). Thus, the broad roles of SCARB1 in avian carotenoid, retinoid, and lipid physiology potentially link the expression of carotenoid-based colors to an individual's redox status, lipid physiology, and fecundity.
In humans, SCARB1 is an important mediator of cholesterol homeostasis, and mutations in SCARB1 are associated with the accelerated development of coronary artery disease [e.g., (48)]. The pathophysiology of the white recessive mutation has not been fully characterized, but further study of this canary breed could offer broad insights into the role of SCARB1 in disease.
Materials and Methods
Analysis of Tissue Carotenoid Content. The carotenoid content of white recessive and yellow canary tissues was analyzed by HPLC using methodology adapted from previous studies (21) . All experiments were conducted in accordance with Directive 2010/63/EU on the protection of animals, and protocols were examined by the Órgão Responsável pelo Bem-Estar Animal of CIBIO.
Whole-Genome Resequencing, Read Mapping, and SNP Calling. Whole-genome resequencing data from DNA pools of four canary breeds were obtained in the course of a different study (8) . Each pool was sequenced using an Illumina instrument to an effective coverage of ∼17 to 23× (SI Appendix, Table  S1 ). Sequencing reads were mapped to the canary reference genome assembly (49) using BWA-MEM (50), and SNP calling was performed using the Bayesian haplotype-based method implemented in FreeBayes (51).
Genetic Mapping. Genetic differentiation between white recessive and other breeds was summarized in windows of 20 kb moved in steps of 10 kb using the F ST as implemented in the PoPoolation2 package (52). To confirm the association between our candidate region and the white recessive phenotype, a family consisting of 38 backcrosses segregating for the white recessive allele and wildtype yellow coloration was used for linkage analysis. An SNP diagnostic between parental individuals used in the cross was genotyped in all backcross individuals using Sanger sequencing IBD mapping was performed by genotyping 85 individuals (24 white recessive and 61 from other breeds) for 38 SNPs within and flanking the candidate region using Sequenom's iPLEX technology.
Search for Causative Mutations. SNP and indel variants within the candidate region were functionally annotated using the genetic variant annotation and effect prediction toolbox SnpEff (53). The identification of structural variants was performed using three approaches: BreakDancer (54), DELLY (55), and LUMPY (56). The splice-site mutation was genotyped using Sanger sequencing for the same 85 individuals used for IBD.
Whole-Genome Alignment of Bird Species. To evaluate conservation of the candidate causative mutation in SCARB1 across the avian phylogeny, we obtained whole-genome alignments of available avian genomes using LASTZ (57), chainNet (58), and MULTIZ (59).
Analysis of SCARB1 Transcript Isoform Expression. To identify alternative splice isoforms, we PCR-amplified from exons 3 to 5 of the SCARB1 transcript from cDNA derived from the skin of wild-type and white recessive canaries, and examined the amplicons by capillary electrophoresis fragment analysis and Sanger sequencing. We measured the relative expression of the SCARB1 transcript isoforms in white recessive and yellow canaries by qPCR with primers that targeted the splice junctions unique to each isoform. RNA extraction, cDNA production, and qPCR analyses were carried out as described previously (8) .
Functional Analysis of SCARB1 Variants. The wild-type and isoform 4 of SCARB1 were cloned from canary cDNA (above) into eukaryotic expression vectors and expressed in DF1 cells. These cells were cultured overnight in carotenoid-enriched media, and cellular carotenoid uptake was analyzed by HPLC. All methods and materials are further detailed in SI Appendix, Materials and Methods.
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SUPPORTING INFORMATION TOOMEY ET AL. THE HIGH-DENSITY LIPOPROTEIN RECEPTOR, SCARB1, IS REQUIRED FOR CAROTENOID COLORATION IN BIRDS

MATERIAL AND METHODS
Analyses of tissue carotenoid content
We used high performance liquid chromatography (HPLC) to examine the carotenoid content of the feathers, skin, liver and retinas of white recessive (n = 4) and lipochrome yellow canaries (n = 4). We euthanized birds following accepted practices as outlined by the IACUC (The Institutional Animal Care and Use Committee: American Association for Laboratory Animal Science, Memphis) and AVMSA (American Veterinary Medical Association). We plucked ten feathers from the central breast region of each bird and extracted carotenoids with acidified pyridine (360570, Sigma) following the methods of McGraw et al.
(1). We measured the mass of the feather samples with a laboratory balance following carotenoid extraction. We collected skin samples (0.5 cm 2 ) from the breast (after trimming away feathers) and from the ventral left lobe (0.5 cm 3 ) of the liver. We homogenized the skin and liver samples in a glass dounce homogenizer with 1 ml of phosphate buffered saline (PBS) and measured the protein content of the homogenate using a bicinchoninic acid (BCA) assay (23250, Thermo). We then extracted the homogenates with 1 ml methanol, 2 ml distilled water, and 2 ml of hexane:tert-methyl butyl ether (1:1 vol:vol), collected the solvent fraction, and dried it under a stream of nitrogen. We collected whole retinas from the left eye of each bird, homogenized them by sonication in 1 ml of PBS, and measured protein content as above. We then split the retina homogenates from each bird into two samples, extracted them as above, and then saponified the extracts with 0.2 M or 0.02M NaOH in methanol to optimize recovery of carotenes and hydroxycarotenoids or ketocarotenoids, respectively (2). We resuspended the dried feather, skin, liver, and retina extracts in 120 μl of methanol:acetonitrile 1:1 (vol:vol) and injected 100 µl of this suspension into an Agilent 1100 series HPLC with a YMC carotenoid 5.0 µm column (4.6 mm × 250 mm, YMC). The samples were eluted with a gradient mobile phase consisting of acetonitrile:methanol:dichloromethane (44:44:12) (vol:vol:vol) through 11 minutes then a ramp up to acetonitrile:methanol:dichloromethane (35:35:30) from 11-21 minutes followed by isocratic conditions through 35 minutes. The column was held at 30°C, and the flow rate was 1.2 ml min -1 throughout the run. We monitored the samples with a photodiode array detector at 400, 445, and 480 nm, and carotenoids were identified by comparison to authentic standards or published accounts (Table S1) .
Whole genome resequencing, read mapping, and SNP calling
To study the levels and patterns of genetic variation across the genome we used whole-genome resequencing data that was obtained in the course of a different study (GenBank bioproject PRJNA300534) (Table S2) (3) . Briefly, paired-end sequencing libraries were generated from DNA pools including 12-39 individuals from four canary breeds (White recessive, Lipochrome red, Black red, and Gibber italicus) and one wild population of canaries from the native range in the Canary Islands. The resulting libraries were sequenced using 100 bp paired-end reads using an Illumina Hiseq1500 instrument to an effective coverage of ~17-23X per pool (Table S2 ). The resulting reads were trimmed with the program Trimmomatic version 0.32 (4) using the following parameter settings: TRAILING = 15, SLIDINGWINDOW = 4:20, and MINLEN = 30. Sequencing reads were then mapped to the canary reference genome assembly (SCA1; GenBank assembly accession: GCA_000534875.1) (5) with BWA-MEM (6) and default settings, followed by local realignment performed using GATK RealignerTargetCreator and IndelRealigner options (7) .
SNP calling was performed using the Bayesian haplotype-based method implemented in Freebayes v0.9.21-26-gbfd9832 (8) . Freebayes can act as a frequency-based pooled caller and describe variants and haplotypes for each pooled sample in terms of observation frequency rather than called genotypes. The ploidy parameter was set to the number of expected chromosomes on each pool, with the exception of the wild population. Given the large number of chromosomes for this population (78), the ploidy variable was set to 40. We modified the following additional parameters relative to the default settings: minimum mapping quality of 20, minimum base quality of 20, and a minimum coverage of 10X. Positions with a read count across all pools three times higher than the average coverage were discarded and only biallelic SNPs with a quality score of 50 or greater were retained for further analysis.
Determination of genetic differentiation across the genome
Estimates of genetic differentiation between white recessive and non-white canaries across the genome were obtained using a sliding window approach. Only one of the breeds characterized by red coloration (Lipochrome red) was used in this analysis because the inclusion of both red breeds resulted in an enrichment of outliers overlapping the two regions previously implicated in red coloration (3). Genetic differentiation was then summarized using the fixation index (F ST ) and in windows of 20kb moved in steps of 10kb along each scaffold. F ST estimates for each window were obtained by means of an unbiased estimator that corrects for unequal sample sizes across positions due to differences in the depth of coverage, as implemented in the PoPoolation2 package (9) . We utilized the following filters: 1) a minimum mapping quality of 20; 2) a per base Phred quality score of 20 or higher; 3) a minimum coverage of 12X per position; 4) a maximum coverage of three times the average coverage per pool; 5) at least three reads supporting the minor allele in polymorphic sites; and 6) a window of 5 bp to both sides of each inferred indel was discarded. Only windows having ≥30% of positions passing the quality filters described above were kept. The whole-genome aligner Satsuma (10) was used to align the canary and zebra finch genome assemblies and assign the canary scaffolds either to the autosomes or the Zchromosome.
Crosses and linkage analysis
A family consisting of 38 backcrosses segregating for the white recessive allele and wild-type yellow coloration was used for linkage analysis. The parental individuals consisted of two white recessive birds and two wild-type birds. Three F1 males and two F1 females were backcrossed to five white recessive individuals. Blood was extracted as described above. Animal care complied with national and international regulations for the maintenance of live birds in captivity (FELASA, Federation of European Laboratory Animal Science Associations).
To test for an association between our candidate region and the white recessive phenotype, we genotyped a single SNP within this region in parental, F1s, and backcrossed individuals, using Sanger sequencing of a small amplicon. This SNP was the splice-donor site mutation found in SCARB1, which we previously confirmed to be diagnostic between white recessive and wild-type parental individuals used in our crossing experiments.
Genotyping for IBD mapping
Genotyping was performed on a large panel of individuals for 38 SNPs located within and flanking our candidate region randomly chosen from the whole genome resequencing data.. Blood samples were obtained from live birds from aviaries of Portuguese licensed breeders by brachial venipuncture with a sterile needle, following standard blood collection procedures. Blood was collected into a heparin-free capillary tube and immediately transferred into a vial with 96% ethanol. Samples were collected by licensed authors of this study.
We genotyped 24 white-recessive individuals, which are supposed to be homozygous for the causative mutation, and 61 yellow and red individuals belonging to seven breeds (Lipochrome red, n = 25; Black red, n = 5; Portuguese Harlequin, n = 9; Lipochrome yellow, n = 5; Black yellow, n = 4; and Gibber italicus, n = 10; Waterslager = 3). Genotyping was carried out using Sequenom's (San Diego, USA) iPlex technology and detected on a Sequenom MassArray K2 platform available at the Instituto Gulbenkian de Ciência (Lisbon, Portugal). Sequenom's MassARRAY® Assay Design 3.0 software was used to design primers and establish the multiplex conditions. The resulting spectra and plots were manually inspected and software genotype calls were corrected whenever required. Individual genotypes are available online from the Dryad Digital Repository (doi:10.5061/dryad.bt816).
SNP/Indel functional annotation and genotyping of candidate mutation
To search for causative mutations within our candidate region we functionally annotated SNP and indel variants using the genetic variant annotation and effect prediction toolbox SnpEff (11). We focused on variants of potential functional significance, such as nonsynonymous, frameshift, STOP, and splice site mutations. SNP genotyping of the splice-donor site mutation on the same panel of individuals used for the IBD analysis described above was performed by Sanger sequencing.
Detection of structural rearrangements
The identification of structural variants within the candidate region was performed using three approaches: 1) Breakdancer (12), which uses read pair orientation and insert size; 2) DELLY (13), which uses paired-end information and split-read alignments; and 3) LUMPY (14) , which uses a combination of multiple signals including paired-end alignment, split-read alignment, and read-depth information. Candidate structural variants were manually inspected and intersected with the canary genome annotation (5).
Identification of alternative splice isoforms of SCARB1
To identify alternative splice isoforms of SCARB1 we designed primers ( Table 5a , fragment) that spanned the mature transcript from exon 3 to 5 and yielded amplicons of specific sizes from each isoform (main text Fig 3A) . With these primers and a third fluorescently labeled primer we PCR amplified SCARB1 from pooled skin cDNA samples from wild-type (n = 4) or white recessive canaries (n = 4) following established three primer PCR protocols.(15) Tissue collection, RNA extraction, and cDNA production are described below. We measured the size of the resulting amplicons by capillary electrophoretic fragment analysis and confirmed the of splice isoforms by Sanger sequencing (PNACL WUSM).
Analysis of SCARB1 isoform expression
To determine the relative abundance of the various splice isoforms of SCARB1 in the tissues of wild-type and white recessive canaries, we used quantitative PCR (qPCR) with primers sets specifically designed to target the unique splice junctions within each of the different isoforms (main text Fig 3A, Table S5A ). We sacrificed homozygous white recessive birds (n=4) and homozygous wild-type yellow birds (n=4) as described above and collected duodenum, liver, skin, and eye samples by dissection and stored them at -80ºC. For expression analysis, we thawed samples on ice and extracted RNA using the RNeasy® Mini Kit (Qiagen, Valencia, CA, USA). cDNA was generated by reverse transcribing ~1 μg of RNA using the GRS cDNA Synthesis Kit (GRiSP, Porto, Portugal) following the manufacturer's protocols. We assayed each isoform specific primer set, a primer set targeting the exon 7/8 junction common to all transcripts, and a control gene (GAPDH) in triplicate for each biological sample using Sybr® Green PCR master mix (Life Technologies, Carlsbad, CA) and the Applied Biosystems StepOne real time PCR system (Carlsbad, CA). We then averaged the technical replicates for each biological replicate and compared overall SCARB1 expression levels (ΔC t ) of exon 7/8 relative to GAPDH. We compared these overall expression measures among tissue types and breeds with analysis of variance (ANOVA) and Tukey posthoc comparisons. To examine the relative expression of various isoforms of SCARB1 we calculated the ΔC t of each specific isoform relative to exon 7/8, determined the relative proportion of each isoform in each sample, and compared the relative expression of each isoform in each tissue between yellow and white recessive canaries using student's t-tests.
Whole-genome alignment of bird species
Whole genome alignments of available avian genomes were obtained with a pipeline recently made available by the Avian Phylogenomics Project (15) . Briefly, pairwise alignments of repeatmasked genomes were produced by LASTZ (16) and chainNet (17) , using the canary genome as the reference sequence. MULTIZ (18) was then used to merge the pairwise alignments into a single multiple genome alignment containing all species. Finally, a small segment of this global alignment containing the candidate causative mutation in SCARB1 was extracted for visualization.
Protein structural modelling
The Alignment Mode approach using DeepView was employed to generate a properly aligned alpha chain for SWISS-PROM homology modeling of canary SCARB1. tBlastn was used to establish sequence alignment between target and template sequences. The refined DeepView project was passed to the SWISS-MODEL server for further template-based homology modeling (19) . Several templates were explored including the recently deposited LIMP-2 (PDB code: 4F7B) and the newly deposited CD36 (PDB code: 5LDG) (20, 21) . CD36 proved to be the best template yielding a final model with a quality mean score (QMEAN Z-score) of -2.68 and a GMQE score of 0.73. ProCheck 3D results revealed that 94% of all residues have an averaged 3D-1D score > 0.2. ERRAT2 quality scoring yielded 81.6 as an overall quality factor. Only 1% of residues fell within unallowed areas of a Ramachandran plot. With the exception of two glycines (G161, G170), all rotamers found within exon 4 occupied favorable or allowable positions within a Ramachandran plot. No additional molecular simulations were carried out.
Functional analysis of SCARB1 variants
To examine the carotenoid transport function of the wild-type and isoform 4 of SCARB1, we amplified full-length transcripts from the liver cDNA of lipochrome and white recessive canaries, respectively (Table S4b) . We then subcloned these products into the first position of a bicistronic expression vector pCAG-2A-GFP at AgeI and NotI restriction sites. We confirmed the sequence of wild-type and mutant SCARB1 genes by Sanger sequencing (PNACL, St. Louis, MO). We assayed carotenoid uptake in chicken embryonic fibroblast cells (DF1, CRL-12203, ATCC, Manassa, VA) that were cultured in 6-well plates (each well 9.6 cm 2 ) following the manufacturer's recommendations. When the cells reached 80% confluency we used polyethylenimine (PEI, 23966-2, Polysciences, Warrington, PA) to transfect them with the wildtype and mutant forms of SCARB1, or a control expression vector (dsRED only). We incubated the cells for 24 hrs and confirmed expression by visualizing fluorescent protein expression. We then introduced carotenoids to the cultures by two different means in two separate experiments. In the first experiment we supplemented the cell culture media with whole serum, harvested from 21-day old chickens fed a carotenoid-enriched diet (Start & Grow, Purina, St. Louis, MO). The serum was added to the media at a concentration of 20% (vol:vol) resulting in a final concentration of 0.53 μg ml -1 lutein and 0.28 μg ml -1 zeaxanthin. In the second experiment, we supplemented the culture media with purified zeaxanthin (DSM, Heerlen, NETHERLANDS) at a concentration of 1.0 μg ml -1 media and solubilized with 0.035% Tween 40 (P1504, Sigma). We incubated the cells with carotenoid supplemented media overnight (~16 hrs), then removed the media, washed the cells on the plate three times with PBS, and harvested the cells by scraping in 0.5 ml of PBS. We analyzed the carotenoid content of the cells in two or more replicates of each condition, in each experiment, following the extraction and HPLC methods described above for liver and skin tissue. We compared carotenoid content among conditions with analysis of variance (ANOVA). Figure S1 . The UV-Vis spectra of the carotenoids measured by high performance liquid chromatography in the A) feathers, B) skin and liver and C) retinas of canaries. Figure S2 . White recessive canaries have a mutation in the highly conserved splice-donor site of exon 4 of SCARB1. Multi-species alignment of birds surrounding the candidate splicedonor site mutation in SCARB1. The splice site mutation is highlighted in red. Sequence corresponding to SCARB1 exon 4 is delineated by a black box. Note that the exon 4 annotation in the reference genome was lacking one base pair that we confirmed by mRNA sequencing. The dots represent the same nucleotide as the reference wild-type canary allele at a given position and dashes represent indel variation. Figure S3 . Alignment of the exon 3 to 5 fragments of wild-type SCARB1 transcript and the three alternative isoforms identified in white recessive canaries. Figure S5 . Exon 4 of Serinus canaria SCARB1 encodes amino acid residues that are broadly conserved and homologous to functionally important residues in CD36-family receptors. A) A linear alignment of the amino acid sequence of Serinus canaria SCARB1 with the sequences of representatives from four different vertebrate classes. The amino acids encoded by exon 4 are written in red, "*" indicate identity among the species, and "." indicates similarity (PAM 250 matrix analysis). B) SCARB1 structure was modeled using the recently deposited structure of CD36 and SWISS-MODEL software as described in the methods section. In the modeled representation canary SCARB1 is predicted to have Nand C-transmembrane sequences serving as membrane anchors with two short N-and Cterminal sequences oriented towards the luminal side of the bilayer. Exon 4 encodes a portion of domain II (shown in red) which contains 4 α-helices and 2 β-strands (α4, α5, α6, α7, β7 and β6 respectively). C) A detailed view of the predicted SCARB1 structure shows the location of two potential lipid pathways (arrowheads 1 & 2) that are similar to those recently reported for CD36 (20) . Also identified are amino acids F152 and T173 that are encode by exon 4 and homologous to amino acids with demonstrated roles in HDL/LDL binding and cholesterol transport in human CD36 and SCARB1, respectively (20, 22) . These observations suggest that the amino acid residues encoded by exon 4 are likely important for the docking of lipoproteins and the lipid transport function of SCARB1. 
